Abstract. Radiative transition probabilities have been calculated for the magnetic dipole (M1) and electric quadrupole (E2) transitions connecting the 47 metastable energy levels in the 3d 8 , 3d 7 4s and 3d 6 4s 2 configurations in Co II. The most important configuration interaction (CI) and relativistic effects have been taken into account in the computations carried out with the help of the relativistic Hartree-Fock (HFR) method combined with a semiempirical optimization of the radial parameters.
Introduction
In supervova research, the iron group elements such as Fe, Co and Ni are of particular interest. Recently, Kuchner et al. (1994) concluded that the cobalt and iron atoms observed through Type Ia supernova (SN Ia) emission lines were produced by the radioactive decay chain 56 Ni → 56 Co → 56 Fe as predicted by a wide range of previous models for SN Ia explosions (see e.g. Pankey 1962; Colgate & McKee 1969; Arnett 1979 Arnett , 1982 Colgate et al. 1980; Weaver et al. 1980; Chevalier 1981; Woosley & Weaver 1986) . According to this model, a small fraction of the decay energy is converted into thermal energy and the expanding shell is cooled mainly through emission in forbidden lines of the first three ionization stages of Fe and Co produced from excitation of the same nuclei that are daughters of the original 56 Ni (see Kirshner & Oke 1975; Kuchner et al. 1994) .
Important atomic processes and reliable atomic data are needed to construct the ionization and thermal structure of Type Ia supernovae at early nebular phase as well as to solve some of the theoretical problems with SN Ia such as the "IR catastrophe" (Fransson et al. 1996) . In Table 3 is also available in electronic form from the CDS via anonymous ftp 130.79.128.5 or http://cdsweb.ustrasbg.fr/Abstract.html this context, it must be noted that, while a large number of transition probabilities have been calculated in the past for the [Fe I] Grevesse et al. 1971; Garstang 1957 Garstang , 1958 Garstang , 1962 Garstang , 1964 Nussbaumer & Storey 1980 , 1982 , 1988a Quinet 1996; Quinet & Le Dourneuf 1996; Quinet et al. 1996a,b) , very few studies of forbidden lines belonging to low ionization stages of cobalt have been reported so far. To our knowledge, only the results obtained by Nussbaumer & Storey (1988b) for the lines within the ground terms in Co I and Co III and for the forbidden transitions involving the lowest three terms of Co II have been published. This lack of radiative data for forbidden lines of cobalt and, in particular for those belonging to Co II, has been underlined recently by Liu et al. (1997a) . In their paper, it is stated that the overall discrepancy between the synthetic and observed spectra of SN Ia is partly caused by the neglect of the [Co II] lines in the spectral synthesis.
The aim of the present work is to provide a new set of accurate transition rates for forbidden lines of singly ionized cobalt. Together, the three low even configurations 3d 8 , 3d 7 4s and 3d 6 4s 2 in Co II have 47 metastable levels. In our study, radiative transition probabilities for forbidden lines between these metastable levels were calculated using the relativistic Hartree-Fock (HFR) method combined with an optimization of the radial parameters based on the available observed energy levels. The most important configuration interaction (CI) and relativistic effects were included in the calculations. The results reported here can be seen as an extension of the recent investigations of forbidden transitions of astrophysical interest in iron group elements carried out in the cases of Cr II (Quinet 1997) , Fe II (Quinet et al. 1996a,b) , Fe III (Quinet 1996) , Ni I and Ni II (Quinet & Le Dourneuf 1996) .
Method used
For the calculations, we used the suite of computer programs due to Cowan (1981) within the framework of the approximately relativistic Hartree-Fock (HFR) method originally introduced by Cowan & Griffin (1976) .
Considerable amount of CI effects were included explicitly in the calculations. These configurations are 3d 8 , 3d 7 4s, 3d 7 5s, 3d 7 4d, 3d 7 5d, 3d 6 4s 2 , 3d 6 4p 2 , 3d 6 4d 2 and 3d 6 4s4d. In order to reduce as much as possible the discrepancies between computed and observed energy levels, the HFR technique was used in combination with a well known least-squares optimization of the radial parameters.
The fitting procedure was applied to the 3d 8 and 3d 7 4s configurations of Co II with the experimental energy levels compiled by Sugar & Corliss (1985) . In the absence of CI, the 3d 8 configuration is described by four parameters, E av , F 2 (3d, 3d), F 4 (3d, 3d) and ζ 3d , while for the the 3d 7 4s, also the G 2 (3d, 4s) parameter is required. In addition to the explicit introduction of CI mentioned above, effective interaction parameters such as α and β (see Trees 1951a,b; Racah 1952) , associated with the excitation out of the 3s and 3p subshells into the 3d, can be used to describe the cumulative effects of distant configurations on 3d 8 and 3d 7 4s. All the parameters of these two configurations were adjusted except the effective interaction parameter β corresponding to 3d
8 . Indeed, for this configuration, only four electrostatic parameters (E av , F 2 (3d, 3d), F 4 (3d, 3d) and α) can be optimized due to the fact that only the four terms 3 F, 3 P, 1 D and 1 G have been determined experimentally (the 1 S is missing). The average energy of the 3d 6 4s 2 configuration was also adjusted using the a 5 D multiplet. The F k , G k and R k integrals not optimized were arbitrarily scaled down by a factor 0.85 while ab initio values of the spin-orbit integrals, ζ, computed by the Blume-Watson method, were used without scaling.
The parameter values adopted for the 3d 8 , 3d 7 4s and 3d 6 4s 2 configurations of Co II are reported in Table 1 while calculated energy levels and Landé g-factors are compared with the experimental values in Table 2 . In agreement with previous classifications, terms having the same LS notation are distinguished by the letters a, b and c in increasing energy order. As seen from Table 2, our calculated energy levels differ from the experimental data by amounts typically lower than 1%, the largest difference (289 cm −1 ) being observed for 3d 7 ( 2 G)4s a 3 G 3 at 22415 cm −1 . A very nice agreement is also observed when comparing the Landé g-factors obtained in our work with the measured values (when available).
Transition probabilities
The transition probabilities, A ki , were calculated for magnetic dipole (M1) and electric quadrupole (E2) lines connecting the 47 energetically lowest levels belonging to the 3d 8 , 3d 7 4s and 3d 6 4s 2 configurations of Co II, i.e. the transitions in which both energy levels are below the lowest level of odd parity. Table 3 contains the experimental wavelengths deduced from the observed energy levels (Sugar & Corliss 1985) and the A-values calculated in the present work. All the calculations were carried out using the computed energy intervals but the use of experimental energy differences would only produce a marginal change in the final results. If the two types of radiation (M1 and E2) contribute significantly to the total intensity of a line, the sum of both components is given. The exclusion criterion of one particular type of radiation for a given transition is that the corresponding A-value should be less than 1% of the sum of M1 and E2 contributions. Owing to the extensive nature of the results, only transitions for which A ki is greater than 0.001 s −1 are reported in the table. The complete data can be obtained upon request to the author.
As already noticed for other ions, examining the results, it is seen that for most of the strong multiplets either magnetic dipole radiation predominates (electric quadrupole radiation being negligible) or electric quadrupole radiation predominates (magnetic dipole radiation being negligible). In the former case, the transitions are mostly intercombination multiplets (∆S = 0) made possible by spin-orbit interaction. In the latter case, the transitions are mostly allowed by the LS-coupling selection rules for electric quadrupole radiation (i.e. ∆S = 0, ∆L = 0, ±1, ±2). There are few transitions in which the two types of radiation are of comparable intensities.
The calculation of line strengths and transition probabilities involves the evaluation of the sum of several terms resulting of intermediate coupling and/or configuration interaction mixing of basis states. When strong basis function mixing is present, there frequently are destructive a Sugar & Corliss (1985) . a Wavelengths, in air, are deduced from the observed energy levels compiled by Sugar & Corliss (1985) . * Cancellation effects present (see text). A very limited number of transition probabilities has been reported previously for [Co II] lines. To our knowledge, only the results obtained by Nussbaumer & Storey (1988b) for the forbidden transitions involving the first three terms, a 3 F, a 5 F and b 3 F, have been published. Their calculations were based on the multiconfiguration expansion of eigenfunctions as implemented in the SUPERSTRUCTURE code of Eissner et al. (1974) and modified by Nussbaumer & Storey (1978) . In their study, the individual configurations were constructed from oneelectron wavefunctions, the radial parts of which being calculated either in a scaled Thomas-Fermi-Dirac or a scaled Coulomb potential. The scaling parameters in the potentials were chosen to minimize the sum of the energies of the lowest three terms. Table 4 shows the comparison between the computations of Nussbaumer & Storey (1988b) and the present work. The agreement between the two sets of results is very good (within 15%) for the a 3 F−a 3 F, a 5 F−a 5 F, a 5 F−b 3 F and b 3 F−b 3 F magnetic dipole transitions if we except a 5 F 4 −b 3 F 3 and a 5 F 3 −b 3 F 2 for which larger discrepancies are observed. The difference can even reach a factor of three for the latter transition but, in that particular case, the A-value computed in our work is affected by strong cancellation effects and, consequently, could be uncertain. Larger differences (30 − 40%) appear also when comparing our results with those obtained by Nussbaumer & Storey (1988b) for the a 3 F−a 5 F magnetic dipole and a 3 F−b 3 F electric quadrupole transitions. For these multiplets, the transitions arise through spin-orbit and configuration interactions and are therefore particularly sensitive to the choice of eigenfunctions. The magnitudes of the coefficients due to spin-orbit and CI depend on the a 3 F−a 5 F and a 3 F−b 3 F term separations. These term separations calculated in our work (3460 and 9757 cm −1 ) are in excellent agreement with the observations (3457 and 9774 cm −1 ) while the values obtained in intermediate coupling by Nussbaumer & Storey (1988b) , i.e. 595 and 7551 cm −1 , are too small.
Conclusion
Radiative transition probabilities have been calculated for all forbidden lines connecting the 47 energetically lowest energy levels in singly ionized cobalt using a rather sophisticated atomic structure model. The new HFR data reported in this paper provide an extended and reliable physical basis for astrophysical studies where [Co II] lines play an important role. Some of our calculated A-values have already been included in SN Ia spectral model and have significantly improved the agreement between the synthetic spectra and supernova spectra at early times when cobalt is as abundant as iron in the supernovae (Liu et al. 1997b ).
